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It is widely recognized that the proportion of patients un-
dergoing invasive coronary angiography (ICA) for assess-
ment of coronary stenosis found to have no obstructive
disease is too high. Ideally, noninvasive imaging testing could
accurately identify the patient in need of treatment of coro-
nary atherosclerosis and better guide the use of ICA by
informing the need to consider coronary revascularization.See page 1904Coronary computed tomography angiography (CTA) is now
widely accepted as the most accurate noninvasive method for
detecting coronary stenosis on ICA (1). However, although
the sensitivity of CTA for detection of coronary stenosis on
ICA is high, the positive predictive value of stenosis on CTA
for the presence of ﬂow-limiting stenosis is lower, raising
concern that CTA will increase unnecessary ICA. Fractional
ﬂow reserve (FFR) during ICA has become accepted as the
current “gold standard” for determining the physiological
signiﬁcance of coronary stenosis (2–4), with evidence that it
can complement stenosis in guiding decisions for revascu-
larization. Assessment by CTA of both the presence and the
physiological signiﬁcance of stenosis, as evidenced by
reduced FFR, could greatly enhance the potential of CTA to
be a gatekeeper to the catheterization laboratory.*Editorials published in the Journal of the American College of Cardiology reﬂect the
views of the authors and do not necessarily represent the views of JACC or the
American College of Cardiology.
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logical assessment to CTA. The principles of computational
ﬂuid dynamics have been applied to the images of a stan-
dardly acquired CTA to provide a measure designed to
noninvasively predict FFR by ICA:FFR-CT. Also, from a
standard CTA, measurement of a transluminal attenuation
gradient (TAG) has been developed, which evaluates the
contrast gradient of a vessel stenosis on CTA as a measure
related to coronary ﬂow. Computed tomography perfusion
(CTP) evaluates the relative contrast density in myocardial
regions assessed using an additional CTA acquisition per-
formed during pharmacological vasodilation stress.
FFR-CT has the most evidence to date, having already
been evaluated in 3 multicenter trials. In all 3 trials,
FFR-CT has compared favorably with invasive FFR. The
DISCOVER-FLOW (Diagnosis of Ischemia-Causing
Stenoses Obtained Via Noninvasive Fractional Flow
Reserve) study assessed the accuracy of noninvasive FFR-
CT versus invasive FFR in 103 patients with known or
suspected coronary artery disease and found FFR-CT to
be more predictive of reduced invasive FFR (FFR 0.80) on
a per-vessel basis than stenosis on CTA (5). Subsequently,
in the prospective DeFACTO (Determination of Fractional
Flow Reserve by Anatomic Computed Tomographic
Angiography) trial, in which FFR-CT was compared with
FFR in 252 patients, FFR-CT showed higher accuracy on
a per-patient basis than CTA in predicting invasive FFR
(area under the curve [AUC] ¼ 0.81 and 0.68, respectively)
(6). The recently reported HeartFlowNXT (HeartFlow an-
alysis of coronary blood ﬂow using CT angiography: NeXt
sTeps) trial compared FFR-CT to FFR in 484 vessels from
251 subjects, with FFR-CT showing improved diagnostic
accuracy over CTA alone on a per-patient (AUC ¼ 0.90
vs. 0.81) and a per-vessel (AUC ¼ 0.93 vs. 0.79) basis (7).
TAG is performed in the major coronary arteries by
measuring contrast intensity in Hounsﬁeld units at regular
intervals from the ostium of the vessel to the point at which
the cross-sectional area becomes as small as the region of
interest (w2 mm2). TAG was ﬁrst explored clinically with
analysis from CTA using a 320-detector row scanner on 36
patients with normal coronary arteries and on 22 patients
with left anterior descending artery lesions with 50% ste-
nosis. Contrast gradients were signiﬁcantly greater in the
patients with stenosis than in those with normal CTA (8).
Subsequent work using a 64-detector row scanner reported
that TAG showed improved diagnostic accuracy for detec-
tion of stenosis on ICA over CTA stenosis alone (9) and
that TAG added to CTA stenosis as a predictor of reduced
FFR (10). TAG was recently compared with invasive FFR
using a 320-detector row scanner. In 54 patients undergoing
CTA and FFR, TAG provided incremental value over CTA
stenosis in prediction of reduced FFR (AUC ¼ 0.88) (11).
CTP assessed by a variety of approaches has been com-
pared with traditional single-photon emission computed
tomography–myocardial perfusion imaging (SPECT-MPI)
inmultiple studies (12–16).Most recently, the combination of
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1914CTPwithCTA stenosis has been evaluated in theCORE320
(Combined Non-invasive Coronary Angiography and
Myocardial Perfusion Imaging Using 320 Detector
Computed Tomography) trial, a multicenter international
study of 381 patients undergoing CTA with CTP at rest and
during adenosine stress, stress MPI, and ICA (17,18). Pa-
tients with50% stenosis on ICA and a corresponding deﬁcit
on SPECT-MPI were considered positive for the presence of
an obstructive stenosis. On a per-patient basis, the combi-
nation of CTP with CTA showed improved diagnostic ac-
curacy (AUC ¼ 0.87) compared with CTA alone (AUC ¼
0.84). A high correlation with SPECT-MPI has also been
preliminarily reported in a recent multicenter trial using
regadenoson stress (19).
In this issue of the Journal, Wong et al. (20) address
whether the combination of TAG and CTP adds to CTA in
the prediction of invasive FFR. These combinations were
assessments of: 1) CTPþCTA; 2) TAGþCTA; and 3) an
approach with all 3 techniquesd(CTAþCTPþTAG)d
termed multidetector computed tomography integrated
protocol (MDCT-IP). CTA was considered abnormal
when 50% stenosis was present. CTPþCTA was positive
when CTA was abnormal with a corresponding perfusion
deﬁcit on CTP. TAGþCTA was positive when CTA was
abnormal with a corresponding TAG of 15.1 HU/10 mm.
MDCT-IP was considered positive when CTA was
abnormal and either TAG or CTP was positive. In the
presence of abnormal CTA, MDCT-IP was considered
negative if both TAG and CTP could be performed and
were negative.
Seventy-ﬁve patients who underwent CTA, CTP, and
invasive FFR within a 2-month interval were evaluated.
Invasive FFR was performed in 127 vessels and identiﬁed
44 (35%) as having functionally signiﬁcant stenosis
(FFR 0.80). In 30 vessels, TAG could not be evaluated.
Of these, 20 were either positive by CTA and CTP or were
negative by CTA and were considered evaluable by MDCT-
IP. The numbers of each of these categories could not be
discerned from the paper. In the total of 117 vessels that
were evaluable by MDCT-IP, CTPþCTA, TAGþCTA,
and MDCT-IP all improved discrimination of reduced FFR
compared with CTA alone. However, MDCT-IP signiﬁ-
cantly improved discrimination when compared with the
single physiological assessments combined with CTA. In
the 97 vessels that were evaluable by all 3 methods, CTA,
combined CTPþCTA, and TAGþCTA assessments
showed comparable diagnostic accuracy in predicting FFR
(AUC ¼ 0.84, 0.845, and 0.84, respectively). MDCT-IP
had the highest diagnostic accuracy for predicting signiﬁ-
cant FFR (AUC ¼ 0.91, p ¼ 0.01). The investigators
concluded that the combined approach of MDCT-IP may
improve the accuracy of CTA for functional assessment of
coronary stenosis.
There are numerous limitations of the study, as the in-
vestigators acknowledge. The number of patients and the
number of stenoses assessed were small. Regarding TAG,the major limitation is the high proportion of vessels (23%)
that could not be analyzed because of artifact, small or
branch vessel disease, and the presence of what the authors
called “signiﬁcant” calciﬁcation. Further, although the
computed tomography scans were performed for research
purposes, the degree to which the use of FFR was clinically
driven is not clear, potentially biasing the ﬁndings against
the anatomic assessment of stenosis by CTA and over-
estimating the added value of the functional methods.
Each of the new methods for deriving physiological in-
formation about coronary ﬂow faces obstacles that need to be
addressed before they will be widely implemented. The
current study was performed with a scanner able to acquire
CTA data covering the entire heart in a single heartbeat.
Both TAG and CTP are likely to be less accurate with
scanners that do not provide single-heartbeat acquisitions,
because of variation in contrast density caused by the tem-
poral difference in imaging the various levels of the heart.
With TAG, the number of patients studied to date is very
small. TAG currently requires that the vessels not be
affected by artifact throughout their course. A high pro-
portion of lesions cannot currently be assessed by TAG.
Because of the current requirement to evaluate multiple
points along the full length of the coronary artery interro-
gated, the method does not assess the physiological signiﬁ-
cance of individual lesions. Regarding CTP, multiple
technical artifacts remain such as that caused by beam
hardening and other sources of contrast variability, issues
that will likely be addressed with further CTP development.
CTP (unlike FFR-CT and TAG) requires that an addi-
tional scan be performed in conjunction with a standard
CTA. This additional scan adds to contrast and radiation
exposure, increases the per-patient scanner time and the
duration of testing for the patient, and introduces a need
for real-time interpretation of the CTA; if CTA and TAG
were positive, CTP would not be needed. FFR-CT cur-
rently requires offsite supercomputer processing, with its
associated time delay and expense. To determine how this
promising new method performs in various patient subsets
requires additional study. For all of these methods, to
understand how they might be used clinically, additional
work is needed to understand the relative contribution of
each measure and how the approaches would perform in
unselected patient populations and on a routine basis in
clinical CTA laboratories with various levels of expertise.
Coronary CTA is still in the very early stage of devel-
opment, with 64 and higher detector row scanners being
widely available for only a decade. Already, an astounding
body of evidence has consistently shown that coronary ste-
nosis by CTA has high diagnostic accuracy and strong
prognostic power. Now, the early reports of FFR-CT,
TAG, and CTP are demonstrating the potential of CTA
to provide not only anatomic, but also physiological
assessments of coronary stenosis on a widespread clinical
basis. The study by Wong et al. (20) is the ﬁrst to show
that multiple physiological approaches might be combined
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A further combination of physiological assessment by CTA
that might deserve exploration would be the assessment of
TAG along with CTP during pharmacological stress. Such
an analysis could be performed on the existing CORE320
trial data that contain CTA and CTP with the 320-detector
row scanner on all patients. The assessment of FFR-CT
with either TAG or stress CTP might also be considered.
Of importance, the reports of the value of combining CTA
with physiological assessment have also not yet incorporated
the information provided by the ability of CTA to charac-
terize coronary plaque. Recent and emerging data suggest
that coronary plaque directly measured from CTA may
predict lesion-speciﬁc ischemia (21), as well as myocardial
ischemia (22,23).
Thus, there is now growing evidence that CTA can
provide a comprehensive evaluation of cardiac anatomy and
physiology. As with CTA, other approaches in use or being
developed are increasingly combining evaluation of cardiac
physiology and anatomy, including SPECT/positron emis-
sion tomography or other stress testing with coronary artery
calcium scanning and cardiac magnetic resonance imaging
perfusion/viability with coronary magnetic resonance angi-
ography. With combined anatomic and physiological as-
sessments, noninvasive gatekeeping to the catheterization
laboratory appears much closer to becoming a reality.
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